Inflammation has been implicated in the development of various psychiatric disorders, including depression. However, the neurobehavioral mechanism involved in this relationship remains elusive. This gap in knowledge may best be filled by evaluating elementary neurobehavioral units affected by inflammation rather than behavioral changes in conventional animal tests of depression. To this end, the current study used a concurrent choice paradigm to evaluate inflammation-induced motivational changes. Male C57BL/6J mice (n ¼ 27) were food restricted to between 85 and 90% of their free-feeding weight and were trained to perform a concurrent choice task where they nose-poked for grain rewards on a fixed ratio (FR) 1 schedule (low effort/low reward) and chocolate-flavored rewards on a FR-10 schedule (high effort/high reward). A counterbalanced-within subjects design was used. A single intraperitoneal injection of 0.33 mg/kg lipopolysaccharide (LPS) was used to induce peripheral inflammation. Twenty-four hours after LPS administration, mice showed a reduction in the total number of nose pokes. A proportionally greater reduction in nose pokes was observed for grain, resulting in an increase in percent chocolate pellets earned. These behavioral changes cannot be explained by reduced appetite as feeding before the test led to a similar increase in percent chocolate pellets earned but without any decrease in responding. These results indicate that inflammation modulates incentive motivation by affecting willingness to exert effort for reward and not by reducing sensitivity to reward.
INTRODUCTION
Inflammation has been implicated as a possible causal factor for the development of symptoms in a number of psychiatric disorders including schizophrenia, major depressive disorders, and bipolar disorders (Leboyer et al, 2012; Miller et al, 2009; Potvin et al, 2008) . However, the neurobehavioral processes that are involved in this relationship are still elusive. The limiting factor is represented by the lack of information on the exact dimensions of mental disorders that are possibly influenced by inflammation. The research domain criteria (RDoCs) initiative that aims at describing mental disorders in terms of functions and neural circuit impairments (Cuthbert and Insel, 2010 ) is certainly better suited for addressing this knowledge gap than the usual description of effects of inflammation in terms of symptoms. Among the broad functional domains that constitute the rows of the RDoC matrix, the concept of reward-related behavior appears particularly valuable for addressing the nature of the behavioral impairment caused by inflammation. Inflammatory stimuli cause an apparent reduction in sensitivity to reward that can be evidenced by reduced preference for a sweetened solution (Frenois et al, 2007; Shen et al, 1999; Yirmiya, 1996) and decreased responding for a rewarding electrical stimulation of the lateral hypothalamus Borowski et al, 1998) in rodents injected with the cytokine inducer lipopolysaccharide (LPS) or recombinant proinflammatory cytokines. These effects of inflammation have been confirmed in humans. In response to a low dose of LPS, volunteers showed increases in self-reported and observerrated depressed mood over time and reduced ventral striatal activity to monetary reward cues (Eisenberger et al, 2010) .
Although these findings appear to be in favor of a reduced sensitivity to reward, other interpretations are possible. A motivational account of the behavioral effects of endotoxin in rats was proposed by Miller (1964) fifty years ago. He observed that rats treated with endotoxin decreased lever pressing for food, water, and intracranial rewarding selfstimulation. However, the decrease in lever pressing was replaced by an increase when rats submitted to forced wheel running were trained to lever press to obtain periods of rest. These results led Miller to propose that endotoxin induces a motivational state of sickness that competes with other motivational states. This hypothesis was confirmed by Aubert et al (1997) using a situation of motivational competition in which sickness behavior was set to compete with maternal behavior. Lactating mice were injected with a sickness-inducing dose of LPS and the impact of this treatment on two measures of maternal behavior, pup retrieval and nest building, was tested at two different levels of motivation. As predicted by the motivational competition hypothesis, the effect of LPS depended on the priority of the different motivational states that were in competition. Since then, there have been many reports of the ability of LPSinduced sickness to interfere with motivated behavior. The proinflammatory cytokine interleukin-1b (IL-1b) was found to decrease progressive ratio performance in mice, with a greater impact on high effort than low effort responding for milk (Larson et al, 2002) . In addition, both IL-1b and LPS decreased sucrose intake but had no effect on sucroseinduced place preference (Larson, 2006) , indicating that they do not interfere with the rewarding properties of sucrose. Taken together, these findings indicate that the motivational state of sickness induced by LPS decreases the incentive to engage in other types of motivated behavior that interfere with the priorities of a sick individual (Aubert, 1999) .
Most behavioral tasks do not allow dissociating a decreased sensitivity to reward from a reduced motivation to obtain reward. However, the concurrent choice paradigm developed by Salamone allows for this dissociation (Cousins et al, 1994; Salamone et al, 1991) . In this task, subjects have a choice between a high-effort/high-reward option (eg, lever pressing for a preferred reward) and a low-effort/ low-reward option (eg, consuming a freely available non-preferred reward). This strategy has been used to evaluate the mechanisms underlying incentive motivation, ie, the effort a subject is ready to engage in, in order to get a reward. Recently it has been shown that treatment with IL-1b causes an acute shift toward the low-effort/lowreward option in rats trained in the concurrent choice task (Nunes et al, 2013) . Furthermore, a human analog of this task developed by Michael Treadway has demonstrated that depressed patients switch to a low-effort/low-reward strategy before non-depressed individuals (Treadway et al, 2012; Treadway et al, 2009) .
The objective of this current study was to use the concurrent choice paradigm to inform the motivational changes induced by LPS at a time in which sickness behavior is no longer apparent yet depressive-like behavior persists. As expected, we observed that LPS-treated mice maintained their preference for the preferred reward yet worked less independent of response cost.
MATERIALS AND METHODS

Experimental Subjects
Male C57BL/6J mice were ordered from Jackson Laboratories at 8 weeks of age (n ¼ 27). Mice were individually housed in a temperature-and humidity-controlled environment with a 12-h light:dark cycle (lights on at 0600 hours). After 1 week of environmental habituation and handling, mice were gradually food restricted to between 85 and 90% of their free-feeding weight and maintained this condition for the duration of the experiment.
Drugs and Administration
LPS (LPS; serotype 012:B8, Sigma-Aldrich, St Louis, MO) was dissolved in phosphate-buffered saline (PBS) at a concentration of 33 mg/ml. Mice were treated with 0.33 mg/kg LPS or PBS 24 h before testing. This dose of LPS was selected based on its ability to induce transient sickness behavior followed 24 h later by depressive-like behavior (Dantzer et al, 2008; Frenois et al, 2007) .
Concurrent Choice Training and Testing
Concurrent choice training and testing were conducted in operant conditioning chambers equipped with two nosepoke response units and two reward units (Med Associates, St Albans, VT). Mice were trained and tested in the chambers for 20 min 4-5 times per week for 10 weeks. Chocolate-flavored Dustless Precision Pellets served as the preferred reward and grain-based Dustless Precision Pellets served as the non-preferred reward (20 mg, BioServ, Frenchtown, NJ). The relative rewarding value of these pellets was confirmed based on the preference of naïve mice for chocolate pellets when tested in a situation of free choice in the home cage. Training alternated between choice (both preferred and non-preferred rewards available) and no choice (only the preferred reward available). Mice were initially trained on a fixed ratio (FR)-1 schedule for both rewards. While the grain pellet delivery was maintained at a FR-1 schedule throughout, the response requirement for chocolate pellets was gradually increased to a FR-10 schedule. Training on the FR-1/FR-10 schedule continued until subjects exhibited stable responding. Nose poking and reward dispensing were monitored by sensors within the chambers and data were output by MedState Notation Software. The percent chocolate pellet preference was calculated using the following formula: (chocolate pellets)/ (chocolate þ grain pellets) Â 100.
Free-Feeding Task
A free-feeding task was performed at baseline as well as following LPS or PBS concurrent choice testing. In this task, two dishes of pellets, one with 10 chocolate pellets and one with 10 grain pellets, were introduced to the home cage. The initial pellet selection, latency to consume the first pellet, and time to consume all chocolate pellets, with a maximal time of 5 min, were recorded. If a mouse failed to consume all of the chocolate pellets within the time allotted, they were given a score of 300 s.
Locomotor Activity
Locomotor activity was assessed 24 h after treatment with LPS or PBS immediately before concurrent choice testing. Mice were placed in a clean empty shoebox cage (18.4 Â 29.2 cm) and their activity was video recorded for 5 min. The cage was divided into quadrants and the number of line crosses in 5 min was determined by a trained experimenter blind to experimental condition.
Experimental Design
A counterbalanced-within subject experimental design was used. Before any experimental manipulations, baseline concurrent choice performance was assessed and a freefeeding task was conducted. All mice were treated with both LPS and PBS, with half receiving the LPS treatment first and half receiving PBS first. The injections were separated by 1 week. Twenty-four hours after treatment, mice were tested for locomotor activity immediately followed by concurrent choice testing and then the free-feeding task. A pre-feeding experiment, with conditions counterbalanced over two sessions, was conducted to assess the impact of reduced food motivation on performance. In this experiment, subjects were pre-fed or not with standard rodent chow 1 h before concurrent choice testing. These experiments were conducted in two replications.
Statistical Analysis
Data were analyzed using SPSS (version 19, Chicago, IL). Descriptive statistics are presented as mean±SEM. Twoway ANOVAs with a within-subjects treatment condition factor (vehicle vs LPS) and a between-subjects block factor (replication 1 vs replication 2) were used to analyze concurrent choice and free-feeding performance 24 h following LPS or saline and following pre-feeding. Trend analyses of performance under the influence of LPS, controlling for saline performance, across time (ie, baseline, 24 h post, and 48 h post) were conducted to assess recovery from LPS.
RESULTS
Concurrent Choice and Free-Feeding Behavior following LPS Treatment
LPS treatment decreased the total number of pellets earned, F(1,25) ¼ 84.6, po0.001, from an average of 48 pellets to 28 pellets in a 20-min session. There was an approximately 43% reduction in nose pokes for grain, F(1,25) ¼ 54.4, po0.001 (Figure 1a) , and a 24% reduction in nose pokes for chocolate, F(1,25) ¼ 6.43, po0.05 (Figure 1b) , in response to LPS. Furthermore, there was a reduction in the total number of nose pokes, F(1,25) ¼ 11.5, po0.005 (Figure 1c) . Given the proportionally greater reduction in nose pokes for grain than for chocolate, there was an increase in percent chocolate pellets earned, F(1,25) ¼ 11.8, po0.005 (Figure 1d ). While there was no effect of replication on the number of nose pokes, the mice from replication 2 consumed fewer total pellets than the mice from replication 1, F(1,25) ¼ 7.93, po0.01. There were no significant interactions between any of the above variables and replication.
A trend analysis of the time course of behavioral changes measured immediately before injection (baseline), 24 and 48 h after LPS in relation to saline revealed a significant quadratic relationship for the total number of nose pokes (F(1,24) ¼ 5.35, po0.05; Figure 2a ) and for percent chocolate pellets earned (F(1,24) ¼ 12.0, po0.01; Figure 2b ). This suggests that by 48 h, mice displayed significant recovery. There was a trend toward a quadratic relationship between the number of nose pokes for grain pellets (po0.10); however, a quadratic relationship was not observed for nose pokes for chocolate pellets.
Following the 24-h post-treatment concurrent choice testing, mice were given free access to 10 chocolate and 10 grain pellets in their home cage. Neither group showed a significant change in preference for chocolate pellets in this test as defined by latency to begin eating chocolate pellets, latency to consume chocolate pellets, and percent chocolate pellets consumed (Figure 3a-c) . However, the number of pellets consumed tended to decrease following LPS treatment (po0.10).
General Effects of LPS
At 24 h after LPS treatment, there was no evidence of significant body weight loss. However, LPS treatment did result in less horizontal activity in a new cage compared 
Concurrent Choice Responding Following Pre-Feeding
Pre-feeding for 1 h before concurrent choice testing was conducted to evaluate the impact of a motivational shift on concurrent choice performance. Pre-feeding resulted in a reduction in the number of nose pokes for grain (F(1,25) ¼ 56.1, po0.001, Figure 4a ). The number of nose pokes for chocolate was not significantly changed ( Figure 4b ) nor was the total number of nose pokes (Figure 4c ). The subtle shifting away from nose pokes for grain toward nose pokes for chocolate resulted in an increase in percent of chocolate pellets earned, F(1,25) ¼ 10.4, po0.01 (Figure 4d) . No significant interactions were observed between any of the tested variables and experimental replication. However, mice in round 2 consumed fewer pellets and nose-poked less for grain than mice from replication 1.
DISCUSSION
To inform the motivational changes induced by LPS, we tested mice in a concurrent choice paradigm with lowcost (FR-1)/low-reward (grain-based pellet) and high-cost (FR-10)/high-reward (chocolate-flavored pellet) options. LPS treatment resulted in a reduction in total effort for rewards but did not reduce sensitivity to the reward.
Significant individual variability in choice strategy was observed in the concurrent choice paradigm. These differences cannot be explained by differences in the hedonic value of the reinforcer, as chocolate pellets were consistently preferred to grain pellets when given free access to both types in their home cage. Our study is not the first to observe high variability in operant performance. For example, Randall et al (2012) report performance that varies from fewer than 100 to over 1000 lever presses in a testing session. They suggest this variability may relate to neurochemical differences. Further, the drug self-administration literature has also described significant variability in performance and has related this variability to addiction potential (Deminiere et al, 1989; Mitchell et al, 2014) . While the characterization of this variability is outside the scope of this manuscript, it is within the range of what has been previously reported.
LPS-treated mice showed a reduction in motor activity when compared with the vehicle-treated controls. Generally, this effect would be interpreted as a reduction in general activity associated with lingering sickness behavior. However, the large size of this effect is inconsistent with what we observed in our previous studies on LPS-induced sickness and depression-like behavior. Decreases in activity, when they occur, are usually small and the level of activity in control mice is in the order of 50 rather than 80 line crossing in 5 min (O'Connor et al, 2009a, b; Walker et al, 2013) . Given that mice were tested for locomotor activity immediately before concurrent choice testing, the elevation in activity measured in the present study may be anticipatory activity, as observed before feeding in mice submitted to restricted-feeding schedules (Angeles Castellanos et al, 2008; Wakamatsu et al, 2001 ). Therefore, Figure 3 LPS does not alter free-feeding behavior. Two dishes of pellets were placed in the home cage, one containing 10 chocolate pellets and one containing 10 grain-based pellets. The latency to begin eating the pellets (a), the time required to consume all of the chocolate pellets (b), and percent chocolate pellets consumed (c) were not significantly affected by LPS treatment. Figure 4 Effect of pre-feeding on performance in the concurrent choice task. Concurrent choice performance was tested following pre-feeding and control conditions. Pre-feeding decreased the number of nose pokes for grain (a), but did not have a significant effect on nose pokes for chocolate (b) or total nose poke number (c). Pre-feeding also increased the percent chocolate pellets earned (d). *po0.05.
the activity increase observed in vehicle-treated conditions is likely related to food motivation, and the suppression observed following LPS treatment is probably an indirect measure of reduced incentive motivation. Alternatively, this reduction in activity could be related to an LPS-induced impairment in the expression of gene clocks that are entrained by food availability (Angeles-Castellanos et al, 2008; Yamamura et al, 2010) .
The decreased effort measured by the total number of nose pokes in response to LPS could have been caused by lingering effects of LPS on appetite. LPS is well known to decrease food appetite via both peripheral effects, including inhibition of gastric emptying and acceleration of intestinal transit, and central effects (Asarian and Langhans, 2010; Langhans, 1996) . However, most of these effects are observed rapidly after administration of LPS, whereas mice were tested 24 h after LPS in the present experiment, a time at which their food intake would be expected to have recovered (Dantzer et al, 2008; Frenois et al, 2007; O'Connor et al, 2009c) . The mice in the current study still engaged in consummatory behavior in the free-feeding task immediately following the concurrent choice task, indicating they were not fully satiated at the end of the task. When the mice were pre-fed to test the effect of reduced appetite on performance, a boost in preference for chocolate pellets was observed but a decrease in the total effort for earning food pellets in the concurrent performance task was not observed. This last effect was in contrast to the effect of LPS. Taken together, these data suggest that a decrease in appetite is insufficient to explain the motivational changes observed in response to LPS treatment.
Decreased performance in a food-motivated task can be influenced by either a change in an individual's sensitivity to reward (ie, 'liking') or a deficit in the initiation or maintenance of goal-directed behavior (ie, 'wanting'). The terms liking and wanting are used here as defined by Berridge (Berridge, 1996 (Berridge, , 2009 . If LPS had affected motivated behavior by reducing liking, a decrease in responding for chocolate relative to responding for grain should have been observed. Furthermore, a decreased preference for chocolate pellets in the free-feeding task should have been apparent. However, this was not the pattern of results we observed. Further evidence indicating that LPS does not induce changes in liking comes from two studies that investigated the effects of LPS on hedonic responses of rats to the taste of sweetness (Aubert and Dantzer, 2005; Cross-Mellor et al, 2004) . In both cases, the taste reactivity to orally infused sweetness was unchanged.
The possibility that LPS reduces wanting or incentive motivation rather than liking is apparent from prior work demonstrating that the inflammatory cytokine IL-1b, which mediates the behavioral effects of LPS (Dantzer, 2001) , is capable of reducing operant responding for food, especially in tasks requiring a large effort (Larson et al, 2002; Merali et al, 2003; Nunes et al, 2013) . In a direct test of the incentive motivation hypothesis, rats treated with IL-1b and tested at the peak of their sickness response decreased their operant responding for preferred food pellets but increased their consumption of freely available regular rodent chow (Nunes et al, 2013) . These results were interpreted as indicating that IL-1b-treated rats have an unchanged appetite but reallocate their behavior away from high effort responding for earning highly valued food to a less-effortful responding for obtaining less-valued food. However, the problem with the paradigm used to demonstrate this effect is that it compares operant responding for food pellets, which is the equivalent of appetitive behavior, with intake of free food, which is the equivalent of consummatory behavior. There is already evidence that immune stimuli preferentially affect appetitive over consummatory behavior (Cross-Mellor et al, 1999 . To avoid this bias, we modified the paradigm to allow us to directly compare high effort/high reward to low effort/low reward using the same type of effort requirement, nose poking. With this task we observed that LPS did not cause a shift from high effort/high reward to low effort/low reward. Instead, LPS redirected the diminished effort that was still emitted to the reward that had the higher value. This is in agreement with the observation that the value of a reward is not merely a function of its intrinsic features but also of the effort that is necessary to obtain it (Johnson and Gallagher, 2011) . A previous experience of a greater effort for a given food boosts the affective taste properties of that food as demonstrated in mice submitted to various relationships between effort and reinforcer value (Johnson and Gallagher, 2011) . The altered motivational state induced by inflammation may induce a fatigue-like state that has been noted to result in a reprioritization of effort toward the more valued response (Taylor and Kielhofner, 2003) . However, it is also possible that this behavioral change may parallel inefficiencies in cost/benefit decision making that have been observed in patients with major depressive disorder (Treadway et al, 2012) .
In the present study, we did not address the neurobiological mechanisms that mediate the effects of LPS. It is already known that decreased incentive motivation is largely mediated by changes in dopamine within the nucleus accumbens (Farrar et al, 2010; Salamone et al, 2007) . Inflammation may modulate dopamine neurotransmission through a variety of mechanisms including direct effects on dopamine reuptake or the function and/or expression of the vesicular monoamine transporter within dopaminergic neurons (Capuron et al, 2012; Felger and Miller, 2012; Kamata et al, 2000; Kitagami et al, 2003; Shuto et al, 1997) . Furthermore, LPS-induced cytokines may influence dopamine neurotransmission via the formation of neurotoxic kynurenine metabolites produced downstream of the activation of the tryptophan-degrading enzyme indoleamine 2,3-dioxygenase (IDO) (Dantzer et al, 2008; Felger and Miller, 2012) .
In conclusion, the present findings show that LPS reduces incentive motivation and redirects the reduced effort toward highly preferred rewards. As this effect is apparent at a time at which LPS induces depression-like behavior, the next question of importance is the relationship of this effect with inflammation-induced depression and its possible dependence on IDO activation. In terms of depression, it should be clear now that LPS does not induce a general state of anhedonia but reduces incentive motivation. This effect could be related to the anergia component of fatigue and depression, as already proposed (Nunes et al, 2013) . In terms of mechanisms, there is much that still needs to be done using pharmacological and genetic tools to determine whether the reduced incentive motivation and the boosting of preference for high rewards are two facets of the same phenomenon or two independent processes.
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